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I. INTRODUCTION
1. Object of Investigation.-The tests of strength and stability of
concrete masonry walls described herein were made to establish rela-
tions between the physical properties of walls and those of the build-
ing units and mortars used. Such information is greatly needed at
the present time as a basis for specifications for concrete building
units; previous to these tests little information was available with the
exception of tests of pilasters and of walls made in connection with
fire tests.* The investigation was designed to determine what factors
influence masonry strength, and to give further information as to the
essential properties to be specified for hollow concrete building units.
It is of interest that two new specificationst for such units have ap-
peared since the completion of the main program of tests. Progress
reports of the investigation have been published by the authors.t
2. Acknowledgment.-The major part of the investigation, to be
denoted as Series 1, was carried on from January to May, 1931, at the
Materials Testing Laboratory of the University, in cooperation with
the Portland Cement Association, Chicago, Illinois, and the Concrete
Masonry Association, Milwaukee, Wisconsin. A second group of
tests of walls, Series 2, made with concrete tile units, was conducted
in May and June, 1931, in cooperation with the Western Brick Com-
pany, Danville, Illinois. The work was done as a regular project of
the Engineering Experiment Station, under the administrative direc-
tion of DEAN M. S. KETCHUM, Director of the Station, and PROF.
M. L. ENGER, Head of the Department of Theoretical and Applied
Mechanics. The two associations were represented by a committee
consisting of W. D. M. ALLAN, Chairman, NOLAN BROWNE, D. R.
COLLINS, and BENJAMIN WILK. The Western Brick Company was
represented by a committee consisting of F. W. BUTTERWORTH,
*J. R. Shank and H. D. Foster, "Strength of Concrete Block Pilasters under Varied Eccentric
Loading," Bulletin No. 60, Eng. Exp. Sta., Ohio State University, 1931.
Menzel, C. A., "Tests of the Fire Resistance and Stability of Walls of Concrete Masonry Units,"
Proc. A.S.T.M., Vol. 31, Part II, p. 607. 1931.
t"Federal Specification for Concrete-Units; Masonry, Hollow." (SS-C-621) 1931.
"Tentative Specifications and Tests for Load-Bearing Concrete Masonry Units," (C90-31T)
Proc. A.S.T.M., Vol. 31, Part I, p. 781, 1931.
SF. E. Richart, P. M. Woodworth, and R. B. B. Moorman, "Tests of the Stability of Concrete
Masonry Walls," Proc. A.S.T.M. Vol. 31, Part II, p. 687, 1931.
F. E. Richart, "The Structural Performance of Concrete Masonry Walls," Jour. Am. Cone.
Inst., Vol. 3, No. 6, p. 363, February, 1932.
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FRANK PAYNE, and E. T. STRAWBRIDGE. The members of these
committees co6perated in the outlining of the tests and in providing
facilities for the work.
While many materials were furnished for use in the investigation,
these were essentially contributions to the research program of the
Concrete Masonry Association, and have been acknowledged else-
where. Special acknowledgment is due the Nelson Concrete Culvert
Co., Champaign, Illinois, E. P. SHAPLAND, Secretary, who gave excel-
lent cooperation in the manufacture of building units used.
3. Outline of Tests.-The tests were planned primarily to furnish
information on the behavior under load of wall panels of sufficient
size to represent story-height building construction; with this in view
a panel 6 ft. long and about 9 ft. 6 in. high was chosen. Small panels,
or wallettes, 32 in. long and 48 in. high, were also used to determine
whether or not they could be established as representative test speci-
mens for masonry walls, and, if so, to determine the correction factor
to be used with wallette strengths to make them directly comparable
with the values from the large panels. The main group of test panels
was planned for a compression test with a uniformly applied axial
load. Four lots of walls were also tested to furnish information on
the strength of walls eccentrically loaded, and to secure data on the
flexural strength of the various types of walls a large panel of each
lot was subjected to a bending test. Generally two small walls and
two or three large ones (one tested in bending) were made with each
lot of building units. The following schedule indicates the variables
included in the different groups of tests. The lot numbers refer to the
reference numbers in tables to follow.
Schedule of Series 1
1. Type of Aggregate ..... Units made of cinders, Haydite, sand-gravel, limestone,
(Lots 1 to 8) and crushed air-cooled slag. First 3 used with 2 strengths
of unit and 2 forms of mortar bed.
2. Strength of Units...... Units of Haydite, cinders, and sand-gravel concrete made
(Lots 1 to 3, 6 to 8, in strengths of 550 to 1550 lb. per sq. in.
10 to 11)
3. Type of Mortar....... Two mortars, 1:1:41Y, cement, lime, and sand, dry
(Lots 1, 3, 8 to 11) rodded, and 1:3 cement mortar with addition of 10 per
cent of lime by weight of cement.
4. Type of Mortar Joint.. Walls of cinder, Haydite, and sand-gravel concrete units
(Lots 1 to 3) laid up with full mortar beds and with mortar bed on
face shells only.
5. Design of Unit........ Three types of unit in 8-in. wall-8 by 8 by 16-in., with
(Lots 8, 12, 13) 3 oval cores; 5 by 8 by 12-in. tile, 2 rect. cores; 3M4 by 8
by 12-in. tile, 2 rect. cores.
6. Wall Thickness....... Two thicknesses of wall made with 8 by 8 by 16-in. and
(Lots 2, 3, 14, 15) 8 by 12 by 16-in. units, 3 oval cores, with Haydite and
sand-gravel units.
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7. Composite Walls....... Walls with 4-in. of face brick and 8 by 8 by 16-in. backup
(Lots 16, 17) block of Haydite and cinder concrete. Header course
every sixth brick course.
8. Eccentric Loading ..... Walls of Haydite, cinder and sand-gravel block and sand-
(Lots 18 to 21) gravel tile units. Loaded with eccentricity one-sixth of
wall thickness.
Schedule of Series 2
9. Design of Unit ........ Two types of Haydite tile units-8 by 8 by 16-in., 3 oval
(Lots A, B) cores; 8 by 8 by 16-in., 3 rect. cores.
10. Composite Walls...... 4-in. face brick and 8 by 8 by 16-in. Haydite tile units.
(Lots C, D) Header every seventh brick course, backed up with
Haydite brick.
II. FABRICATION AND TESTING OF WALLS
4. Sources of Building Units.-All of the concrete building units
used in Series 1, except lots 12, 13, 21, and 16HF, were made at the
plant of the Nelsen Concrete Culvert Co., Champaign, Ill., under
normal conditions of plant manufacture. The tile of lots 12 and 21
were made at the plant of the Penniman Concrete and Material Co.,
Dallas, Texas, while those of lot 13 were made by the Stone-Tile
Supply Co., Memphis, Tenn. The units of lot 16HF were made at
the plant of the Western Brick Company, Danville, Ill. For Series 2,
the units of lots A and C were made by the Michigan Silo Company,
Peoria, Ill., while those of lots B and D were made by the W. G.
Traver Co., Decatur, Ill.
5. Materials Used in Units.-Of the five types of aggregates used
in Series 1, the Haydite, donated by the Western Brick Co., Danville,
Ill., and the sand and gravel, from the Lincoln Sand and Gravel Co.,
Lincoln, Ill., were of the stock in regular use at the plant. The
crushed limestone, donated by the Elmhurst Chicago Stone Co.,
Elmhurst, Ill., the cinders from the plant of the Corn Products Co.,
Argo, Ill., and the crushed air-cooled slag, donated by the Illinois
Slag and Ballast Co., Chicago, Ill., were representative of materials
regularly used in the production of concrete masonry units in this
locality. These aggregates were obtained in two nominal sizes, 0 to
No. 4 and No. 4 to V8 in., with the exception of the cinders, for which
the larger size was No. 4 to Y in. The sand and gravel used in the
tile units made at Dallas, Texas, and Memphis, Tenn., were repre-
sentative materials in regular use.
The Haydite used in the units of Series 2, made at Peoria and
Decatur, Ill., was from the same source as that used in Series 1.
Sieve analyses of aggregates are given in Table 1.
ILLINOIS ENGINEERING EXPERIMENT STATION
TABLE 1
SIEVE ANALYSIS OF AGGREGATES
Aggregate
Lincoln Sand....................
Lincoln Gravel ...................
Illinois Slag, fine...............
Illinois Slag, coarse.. ....... ..
Elmhurst Limestone, fine...........
Elmhurst Limestone, coarse.........
Argo Cinder fine...............
Argo Cinders, eoarse.............
Western Haydite, fine.............
Western Haydite, coarse...........
Western Haydite, fine 16HF.......
Western Haydite, coarse 16HF......
Dallas Sand....................
Dallas Gravel...................
Memphis Sand..............
Memphis Gravel..................
Lincoln Mortar Sand..............
Percentage Retained on Sieve
s in. No. 4 No. 8 No. 16 No. 30
0 3 14 29 48
8 89 98 99 100
0 3 32 57 71
8 85 98 99 100
0 0 26 51 72
0 27 87 89 91
33 55 67 74
54 86 89 91 91
0 1 11 43 62
6 75 96 97 97
0 1 4 31 54
8 59 91 95 96
0 0 1 9 32
18 87 99 100
0 8 37
8 71 96 99 100
0 11 41
The portland cement used in the manufacture of units and in
mortar mixtures was a blend of three brands purchased on the local
market.
6. Details of Plant Manufacture.-The three-oval-core units of
Series 1, except those of lot 16HF, were made on contract at the local
plant using an Anchor hopper-feed, mechanical tamper and stripper
machine. The concrete was mixed in a paddle mixer in batches
producing 15 to 22 blocks. The materials for each batch were meas-
ured separately by means of a Johnson weighing batcher and com-
bined at the mixer. The proportions of fine to coarse aggregates in
general followed the plant practice, and were designed to produce
units with a fairly rough texture. The fineness modulus of the com-
bined aggregates was 4.0 to 4.25, except for cinders, in which the
coarse grading produced a value of 4.70 in the mix chosen. Each
batch using sand-gravel, limestone, and slag was mixed 1 minute dry
and 5 minutes after water was added. The Haydite and cinder aggre-
gates were mixed 2 minutes wet with about half of the mixing water
added, and 3 minutes more after the cement and the balance of the
water were added. The proper consistency was determined by the
plant operator, based upon the appearance of the units. Each block
was tamped from 10 to 12 times with each of the tamper feet.
The units of Series 1 were cured for 48 hours in a steam curing
room, heated by steam coils along one side of the room and with mois-
ture supplied from open petcocks on the lower steam coil. The tem-
Fineness
Modulus
No. 100
98 2.81
5.94
91 3.36
5.89
84 310
93 4.79
86 395
91 593
80 2.70
97 5 65
78 2.50
98 5.43
99 2 21
604
96 2.20
5 74
98 2.37
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TABLE 2
DETAILS OF CONCRETE MIXES USED IN UNITS
Lot Type of Aggregate
No.
Cinders........... .......
H aydite .. .......... ...
Sand and Gravel .. .....
Limestone.................
Slag .............. ......
H aydite......... ......
Cinders... .............
Sand and Gravel ..........
C inders.................
SC d nd ravl
11 Sand and Gravel   ra el .. .......
12* Sand and Gravel (Dallas)....
13* Sand and Gravel (Memphis).
14 Sand and Gravel..........
Mix by weight
Cement
94
94
94
94
94
94
94
94
94
94
94
94
94
94
15 Haydite .................... 94
16HS Haydite ................. 94
16HF Haydite.................. . 94
17 Cinders.................. 94
18 Haydite . ........... 94
19 Cinders .................. 94
20 Sand and Gravel.. ....... 94
21* Sand and Gravel........... 94
Aggregate
Fine
damp,
lb.
405
250
840
460
550
185
275
625
385
860
625
428
215
900
250
250
270
380
195
405
890
428
Coarse
damp,
Ib.
245
250
555
700
295
185
165
410
225
560
410
203
400
600
250
250
270
220
195
245
590
203
Added
at
Mixer
lb.
46.5
75.0
62.5
70.0
42.0
52.0
35.0
53.0
47.0
45.0
53 0
62.0
Moisture in
Aggregate
per cent,
by weight
Fine
11
7
4
11
10
7
11
4
11
4
4
Coarse
6
9
3
4
2
9
6
3
6
3
3
4 2
77.0 4 3
67.0 7 9
75.0 7 9
62.0 15 13
47.0 11 6
58.0 7 9
46.5 11 6
72.0 4 3
62.0 4 2
*Data supplied by manufacturer.
perature of the curing room was held at about 100 deg. F. at night
and at 80 deg. F. in the daytime. Upon removal from the curing
room the units were stock-piled under cover until 21 days old, when
they were delivered to the laboratory.
The cement content of the different lots was varied with the
object of producing units in two strength ranges: one just passing
specification requirements of 700 lb. per sq. in. at 28 days, and the
other having a strength of approximately 1100 to 1200 lb. per sq. in.
Details of the mixtures used are given in Table 2.
In general, the units made at other plants and furnished for the
wall investigation were the regular plant product. The conditions of
curing and storage were kept in as close conformity as possible with
those just described for the units made locally.
Figure 1 shows the different types of unit used.
7., Properties of Units.-From each lot of block and tile used in
the test walls, 20 units were used to determine physical properties.
The tests of units were in general accordance with the specifications
1
2
3
4
5
6
7
8
9
1.
Fineness
Modulus
of Com-
bined
Aggre-
gate
4.70
4.17
4.06
4.04
4.24
4.17
4.70
4.06
4.70
4.06
4.06
3.47
4.37
4.06
4.17
4.17
3.97
4,70
4.17
4 70
4 06
3.47
Number
of units
per sack
of
Cement
21
22
28
25
21
16
14
21
20
31
21
35
44
19
15
22
25
20
17
21
31
35
Sater
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FIG. 1. TYPES OF CONCRETE BUILDING UNITS USED IN WALL TESTS
of the American Concrete Institute,* though compression tests were
made on the units in their normal air-dry condition, to simulate the
condition of the corresponding units in the wall. Units for com-
pression test were capped with a mixture of plaster of Paris and ce-
ment one day prior to test. The absorption test was made on units
after oven drying for 48 hours at 175 deg. F., followed by 48-hr.
saturation. The unit weight was determined from the volume dis-
placement of saturated blocks and the weight of oven-dry blocks.
Data from the physical tests are given in Table 3, values given being
the average of 5 tests, except unit weights, which are the average of
3 tests.
8. Properties of Brick and Mortar.-The shale face brick, furnished
by the Western Brick Company, Danville, Ill., and used in all com-
posite walls, showed the following physical properties:t Compressive
strength, 12 000 lb. per sq. in.; modulus of rupture, 1820 lb. per sq.
*Standard Specifications for Concrete Building Block and Concrete Building Tile (P-1-A-29),
Jour. Am. Cone. Inst., No. 8, April, 1931, p. 1017.urTeted in accordance with A.S.T.M. Standard Methods of Testing Brick (C67-31). See 1931
Supplement to Book of A.S.T.M. Standards.
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TABLE 3
PHYSICAL PROPERTIES OF CONCRETE MASONRY UNITS
Each value represents tests of 5 units
Moisture Compressive
Weight it Absorp- in Unit, Strength
Type of of Con- of tion, per cent lb. per sq. in.
Lot Aggregate Crete, Unit lb. perlb. per lb. cu. ft. i
cu. t. 28 days 60 days 7 days 28 days 60 days
8 by 8 by 16-in. Units; 3 Oval Cores; Core Area 37 per cent
1 Cinders ..... . ........ 92
2 Haydite .. .... . 75
3 Sand and Gravel ...... .. 126
4 Limestone ........ 129
5 Slag .......... . . . . . 127
6 Haydite............. .... 77
S Cinders ................... 97
8 Sand and Gravel ......... 128
9 Cinders. . .; 101
10 Sand and Gravel........ 125
11 Sand and Gravel..... .. 128
16HS Haydite . ... ... ..... 74
16HF Haydite ... ... . ... 76
17 Cinders . . 91
18 Haydite ........ ........ 75
19 Cinders . . .... . 92
20 Sand and Gravel ... .. 126
33.6 13.8 6.7 2.8 440 730 865
25 9 14.4 3.9 1 9 490 760 820
47.8 8.5 2.5 1 1 650 830 1070
46.4 13.2 3.0 2 5 600 730 780
45.3 11 5 3.3 2.9 810 1140 1290
27.6 17.8 8.7 4 5 630 950 1280
33.5 14.0 8.0 3.9 690 780 970
48.8 7.8 2.2 I 1.1 840 1080 1230
35.8 12.0 5.4 1.6 640 870 1150
45.8 9.7 2.1 0.8 400 550 550
49.1 8.2 3.1 1.8 980 1120 1570
25.7 15.8 6.1 2.6 640 710 720
26.8 20.6 11.4 5 4 570 800 90
32.6 14.1 6.3 2.9 560 630 810
26.9 13.3 8.0 3 4 620 740 1040
33.6 13.8 6.7 2.8 440 730 850
47.2 7.1 2.8 1.6 660 900 1010
8 by 12 by 16-in. Units; 3 Oval Cores; Core Area 39 per cent
14 Sand and ravel . . 127 644 9.6 3.0 1.2 i 420 620 600
15 Haydite. ..... . 75 36.1 15.6 9.0 3.4 480 670 670
5 by 8 by 12-in. Units; 2 Rectangular Cores; Core Area 57 per cent
12 Sand and Gravel.. .. . 122 19.6 78 3.9 2.8 ... 1420 1360
21 Sand and Gravel... . ... .. .. ... .. 1480
3M by 8 by 12-in. Units; 2 Rectangular Cores; Core Area 30 per cent
13 Sand and Gravel. ......... 126 16.2 .2 2.6 1.4 ... 1150 1550
8 by 8 by 16-in. Tile; 3 Oval Cores; Core Area 45 per cent
A,C iHaydite .................. 75 24.4 16.9 9.5 2.2 ... 700 805
8 by 8 by 16-in. Tile; 3 Rectangular Cores; Core Area 55 per cent
B, D Haydite................... 78 21.8 19.2 5.5 2.7 ... 570 720
in.; absorption, 7 per cent, by weight; dimensions, 2/36 by 3/ by
8% in.
The Haydite brick used in the walls of lots C and D, tested by the
same methods, showed the following properties: Compressive
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strength in lb. per sq. in., lot C, 2670; lot D, 3675; modulus of rupture
in lb. per sq. in., lot C, 570; lot D, 805; per cent absorption, lot C,
20.6; lot D, 19.2.
The hydrated lime used in the mortar mixes was of a single brand.
It was a high magnesium lime, with the following average chemical
composition, as furnished by the manufacturer:
Silica................... 0.30 per cent Calcium Oxide.......... 48.87 per cent
Iron Oxide.............. 0.06 per cent Magnesium Oxide.... .. 34.22 per cent
Alumina .............. 0.17 per cent Combined Water........ 15.80 per cent
Carbon Dioxide ......... 0.58 per cent
The proportions of the mortar mixes used are based on dry, rodded
volumes of sand. The sand was from Lincoln, Ill., and was graded to
pass a No. 16 sieve. The 1:1:41 mix of cement, lime, and sand by
dry volume is not greatly different from the 1:1:6 mix frequently used
with moist sand in construction work. The 1:3 cement mortar with
10 per cent of lime, by weight of cement, is representative of lean
mortars and under field conditions of measurements would be denoted
as about a 1:33/ mix. The proportioning of materials for mortar was
done by weight. The unit weights used were: cement, 94 lb.; lime,
40 lb.; and sand, 106 lb. From each batch nine 2 by 4-in. control
cylinders were made, cured for 48 hours in the molds, and then stored
with the walls. Three cylinders were tested in compression at the age
of 7 days, three at 32 days when the walls were tested, and three were
tested for absorption at 32 days. Results of the mortar tests are
tabulated with the results of the wall tests.
9. Fabrication of Walls.-The walls were laid up by a union mason
and helper, hired by the hour. They were instructed to follow their
usual style of workmanship, except where different types of mortar
and bedding were required by the schedule. Vertical joints were not
filled, beyond buttering the edge of the unit as laid and final pointing
of joints. In the brick courses of the composite walls the mortar bed
was spread, not furrowed. In the composite walls of lots 16 and 17,
offset blocks were used with a header course every sixth brick course.
In similar walls of lots C and D, regular tile units were used, with a
header course at every seventh brick course backed up with Haydite
brick. In lots 16, 17, and C, header bricks were placed directly over
webs of the 3-oval-core units, but this was impossible with the 3-rec-
tangular-core units of lot D. The walls of lot 16HS were laid up
unintentionally with practically a face-shell mortar bed at the header
courses; for this reason a second group of walls, lot 16HF, was made,
with full mortar bedding as originally scheduled. The latter group is
comparable with lot 17, laid up with full bedding. In general, it'is
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TABLE 4
UNIT WEIGHTS AND QUANTITIES OF MORTAR
Unit weights are for freshly mixed mortar.
Absorption tests made by 48-hr. immersion of oven-dry mortar cylinders.
Mortar mixes, by dry, rodded volumes: (A) 1:1:4j cement-lime mortar, (B) 1:1 :4A/ cement-lime mortar, (C) 1:3
cement mortar, with 10 per cent lime.
Sand used: Lincoln, Ill., 0-No. 16 size, fineness modulus, 2.5; unit weight, 106 lb.
Percent Cu. Ft. Per cent Cu. Ft.
Mortar Weight Absorp- Required Mortar Weight Absorp- Required
Lot Mix lb. per tion in Large Lot Mix lb. per tion in Large
cu. ft. by wt. Walls cu. ft. by wt. Walls
ICF A 133 13.6 30 13 A 133 11.8 4.8'
1CS A 134 13.8 2.6 14 A 133 11.2 3 2t
2HF A 132 126 3.0 15 A 133 11.6 3.2t
2HS A 132 12.1 2.2 16HF B 132 14.9 9.1t
3GF A 133 12 7 2.8 16HS B 132 12.9 8.3t
3GS A 133 13.2 2.2 17 B 134 14.0 8.4*
4 A 133 12.2 2.6 18 A 133 13.0 2.8
5 A 132 12.4 2.6 19 A 134 13.7 2.6
6 A 134 13.7 2 6 20 i A 133 13.2 2.7
7 A 133 13.6 2.8 21 A 131 14.0 2.4
8 A 132 12.6 2.9
9 C 135 10.4 2.8 A A 134 13.3 1.8
10 C 134 10.7 2.7 B A 134 14.0 2.6
11 C 136 11.0 2.8 C B 134 13.7 8.6:
12 A 132 12.0 3.4* D B 133 13.4 8.71
*Walls of small tile units.
t12-in. walls.
+Composite walls.
believed that the workmanship used in laying up these walls is repre-
sentative of average well-supervised building construction in this
locality.
To provide a rigid base on which the walls could be built and
transported, reinforced concrete pallets were used. They were 5% in.
thick, of sufficient area to support the wall, and were poured on a
plane machined surface so that no bedding was required when pallet
and wall were placed in the testing machine. The pallet was stiff
enough to prevent appreciable deflection during the fabrication of the
wall. Preparatory to building a wall, the pallet was placed on two
carefully levelled steel rails, and a frame carrying two vertical 2 by
2-in. angles 11 ft. long, forming guides for two corners of the wall,
was placed against the pallet. This simplified laying the wall up
plumb and normal to the plane of the base.
The walls were built from units that were 28 days old, having
received plant curing for 21 days and dry storage in the laboratory
for 7 days. The mortar was mixed by hand by the mason's helper,
who used fixed proportions of dry materials, but varied the mixing
water to produce the consistency desired. The amounts of water used
were recorded. The unit weight of the mortar and the amount
required in each wall are given in Table 4.
The walls were air-cured in the laboratory, at an average recorded
temperature of about 73 deg. F., and a relative humidity of 50 to 65
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FIG. 2. WALLS IN STORAGE BEFORE TESTING
per cent, for 32 days before testing. Figure 2 shows a number of the
walls in storage. They were usually capped one day before the test
with a layer of neat, high-early-strength cement. The steel capping
plate, 2 in. thick, was left in place and used as a bearing plate during
the test. The walls were moved to the testing machine by means of a
10-ton traveling crane. Two 7/-in. rods, passing through pipe sleeves
in the pallet, provided means of attaching lifting straps suspended
from the crane and also served for the attachment of casters used in
moving the wall into the testing machine.
10. Testing Procedure.-The walls of lots 1 to 17 and A to D,
inclusive, were tested in axial compression. The large walls were
tested 32 days after erection, in either a Southwark-Emery machine
of 3 000 000-lb. capacity or a Riehle machine of 600 000-lb. capacity,
with a test speed of about 0.05 in. per min. Load was applied
through a spherical bearing block and two 24-in. I beams to the 2-in.
steel plate used to cap the wall. The I beams were sufficiently stiff
to distribute the load very uniformly. Figure 3d shows a wall in the
Southwark-Emery machine after being tested to failure.
Wall deformations were measured by means of four vertical com-
pressometers of 100-in. gage length, two on each side of the wall,
as indicated in Fig. 3a. The figure also shows 2-in. gage lines across
mortar joints and 6-in. lines on individual units on which measure-
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ments were taken with Berry strain gages. Lateral deflections of
walls were observed by means of either a mirror and scale arrange-
ment or an Ames dial deflectometer. Deformation measurements on
wallettes were similar to those on walls, except that vertical strains
were measured by a 40-in. compressometer, as indicated by Fig. 3b.
A flexure test was made on one large wall of each lot. These walls,
which failed by cracking along a horizontal joint near midheight,
were later tested in compression and developed as great compressive
strengths as the uncracked walls. In the flexure test the wall was
supported laterally by means of horizontal steel beams at the top and
bottom edges, and load was applied uniformly along the horizontal
center line of the 9-ft. span. The load was applied through a screw
jack, a spring dynamometer, and a steel I beam, as shown in Fig. 3c.
All bearing areas were cushioned with a strip of 3-in. leather belting.
The walls of lots 18 to 21 were loaded eccentrically, the procedure
differing from the axial load test in that the load was applied to the
2-in. bearing plate at the top of the wall through a 3 -in. square cold-
rolled rod placed one-sixth of the wall thickness from the central
plane of the wall. No form of eccentric support was used at the bot-
tom of the wall. Strains and deflections were measured as in axial
load tests, with additional strain readings to indicate the stress dis-
tribution at top and bottom of the wall. Figure 3d shows a wall
after failure under eccentric load.
11. Phenomena of Wall Failures.-In general, the axially-loaded
walls showed little sign of distress until the load had attained almost
its ultimate value. At this stage the initial failure frequently ap-
peared along horizontal mortar joints, with a crumbling of the ex-
posed mortar and splitting off of small sections of the faces of conctete
units adjacent to the joint. While failure of the mortar edge did not
always occur, it seems likely, in view of the large deformations in
mortar joints, that the splitting of the edges of units adjacent to the
joint was due to lateral flow of the mortar. This could still be con-
sistent with the conclusion mentioned later that wall strength was
apparently independent of variations in mortar strength, since the
mortar was in general much stronger than the walls.
Figure 4a shows an 8-in. wall of lot 13 after failure. It shows not
only the failure along horizontal joints, but also vertical cracks which
opened as failure progressed. A typical wall made with tile of lot 14
is shown after failure, in Fig. 4b. Walls of Series 2, made with Hay-
dite tile, are seen in Fig. 4c and 4d as they appeared previous to
testing.
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FiG. 3. WALL AND WALLETTE TEST SPECIMENS
(a) View of Wall, Showing Compressometers and Gage Lines
(b) View of Wallette, Showing Compressometer
(c) Wall Being Tested in Flexure
(d) Wall after Failure under Eccentric Load
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FIG. 4. WALL TEST SPECIMENS
(a) Wall after Failure under Axial Load
(b) Wall after Failure under Axial Load
(c) Walls Made with Tile Units, Sei-
(d) Walls Made with Tile Units, Sern .
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III. TEST RESULTS
12. Principal Results of Tests.-The principal results of all of the
wall tests are summarized in Tables 5 and 6. It is of interest that the
compressive strengths of all individual walls of both series, including
all grades of unit, composite construction, and even the walls under
eccentric loading, fell between 330 and 850 lb. per sq. in. of gross
section. The results furnish a fairly definite answer to many of the
questions studied.
13. Effect of Strength of Unit on Wall Strength.-A brief scrutiny of
the data of Table 5 discloses the fact that the wall strengths are not
consistently affected by the quality of the mortar used, but it is very
evident that the wall strengths do vary quite markedly with the
strength of the building units used. The last columns of Tables 5 and
6 show that the ratio of strength of wall to that of unit, for large walls
made with 3-oval-core units and full mortar beds, is fairly constant
with an average value of 0.53. The ratio varies from 0.34 to 0.65 for
the 14 lots, but for 10 of these it lies between 0.50 and 0.57. The con-
sistency of the test results is best seen by reference to the right-hand
curve of Fig. 5, in which wall strength is plotted against strength of
unit. The average ratio of the two is indicated by the line W -
0.53 U, and the variation of individual points from this curve is
relatively small.
14. Relation Between Strengths of Large and Small Walls.-The
compressive strengths of all large and small walls, including the com-
posite and eccentrically-loaded panels, are plotted in the left-hand
portion of Fig. 5. The plotted points lie within a narrow zone. The
average ratio of the strength of large walls to that of wallettes is 0.91,
and this relation is represented by the solid curve in the figure. The
two broken lines, indicating roughly the limits of the zone, correspond
to a variation of 10 per cent from the average. The tests of composite
walls, lots 16 and 17, furnish two of the extreme variations from the
average curve. The wallettes gave quite consistent results and the
indications are that for the types and sizes of units used, the wallette
strengths, multiplied by a factor of 0.9, might well be considered as
representative of the strength of full-story panels, such as the large
panels tested.
15. Types of Mortar and Mortar Beds.-Although, in a number of
wall tests, signs of incipient failure were noted at the junction of
mortar joint and unit, no marked differences in the efficiency of units
K
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FIG. 5. RELATION BETWEEN WALL STRENGTH AND STRENGTH OF INITS
AND WAI.LETTES
due to differences in mortar strength were found. Tests were outlined
to furnish a comparison of mortar, lots 1, 3, and 8 made with full bed
of 1:1:412 cement-lime mortar being paralleled by lots 9, 10, and 11
made with 1:3 cement mortar containing 10 per cent lime. Mortars
were proportioned throughout by dry, rodded volumes. The respec-
tive values of the wall-unit strength ratio are 0.51, 0.57, and 0.57 for
the first three, and 0.53, 0.65, and 0.50 for the second three. The
averages for the two groups are practically alike and there is no con-
sistent or systematic variation. Evidently the mortar strengths were
well above the wall strengths, even when net bearing sections are
considered.
In planning the tests it was decided to lay the units in a full
mortar bed, as representative of good supervised construction. At
the same time, in recognition of the fact that in some localities it is
common to bed only the outer face shells of the units, the walls of
lots 1, 2, and 3 were laid up in both ways, thus affording a comparison
of results from 9 large walls and 6 wallettes made with each style of
mortar bed. The results are quite consistent for the three lots and the
two sizes of wall. The ratio of wall strengths with face-shell bedding
to those with full bedding is as follows: Large walls: lot 1, 0.79;
lot 2, 0.81; lot 3, 0.74; wallettes: lot 1, 0.84; lot 2, 0.83; lot 3, 0.76.
The average for the six values is 0.80. For the oval-core units to
which these results apply, the minimum thickness of face shells is
about 13/4 in. Considering that the width of the mortar bed on the
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TABLE 5
PRINCIPAL RESULTS OF MA.SONRY WALL TESTS; SERIES 1, AXIAL LOADING
Large walls-6 ft. long, 9 ft. 6 in. high, tested in compression and flexure.
Small walls-2 ft. 8 in. long, 4 ft. high, tested in compression.
All walls built when units were 28 days old, stored in air of laboratory, tested 32 days later.
Strengths of walls and units are based on gross areas.
Compressive strengths of units given are from 60-day tests.
Compressive strengths of mortars are from 2 by 4-in. cylinders, 32 days old.
Mortar mixtures, by dry rodded volumes: (A) 1:1:4Y cement-lime mortar, (B) 1:1,/:43, cement-lime mortar,
(C) 1:3 cement mortar, with 10 per cent lime.
All units manufactured in products plants under usual conditions.
Mortar joints, full mortar bed except walls 1CS, 2HS, 3GS, and 16HS, which had face-shell bedding.
Lots 16 and 17, composite walls, 4-in. face brick, 8-in concrete units.
SCompressive Strength Strength Ratios,
lb. per sq. in. Large Walls to
Lot Modulus
and Type Aggre- Mor- of
Wall of gate tar Mortar RuptureI Mix nit lb. perNo. Unit Mix Large Small lb.er Small Units
Walls Walls Units sq. . Walls
Large Small
1CF1 8 bb 8 by 16-in. Cinder A 430 470 1180 1180 i
2 3-oval-core 435 430 1440 1180 34
3 4 65 _ 1440
Av. 445 450 865 0.99 0.51
ICS 1 8 by 8 by 16-in. Cinder A 335 420 1060 1160
2 3-oval-core 355 350 900 900 42
3 355 1920
Av. 350 385 865 0.92 0.40
2HF 1 8 by 8 by 16-in. Haydite A 465 540 1230 1230 47
2 3-oval-core 430 395 730 730
3 470 1130
AvT. 455 470 820 0.97 056
2HS 1 8 by 8 by 16-in. Haydite A 360 365 960 980
2 3-onva-core 380 410 780 780 28
3 375 1250
Av. 370 390 820 0.95 0.45
3GF 1 8by8byl-in. Gravel A 570 700 880 880
2 3-oval-core 670 610 750 810 19
3 585 810
Av. -610 655 1070 0.93 0.57
3GS 1 8 b by 16-in. Gravel A 480 490 670 810
2 3-oval-core 450 500 1020 670 23
3 420 1020
Av. 450 495 1070 0.91 0.42
4LF1 8 by 8 by 16-in. Lime- A 365 505 1120 1080
2 3-oval-core stone 400 420 1150 1080
3 400 1080 18
Av. 390 460 780 0.85 0 50
5SF 1 8 by 8 by 16-in. Slag A 550 590 1270 1270
2 3-oval-core 555 590 940 1270 27
3 515 1120
Av. 540 590 1290 0.92 0.42
6HF 1 8 by 8 by 16-in. Haydite A 445 520 1380 1670 18
2 3-oval-core 470 515 1380 1670
3 405 1670
Av. 440 520 1280 0.85 034
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TAR I. .-- C(ON LUDED
Compressive Stren
lb. per sq. in.
Tye Aggre- tir
of igate MiUnit i
8 by 8 by 16-in.
3-oval-core
Cinder
8 by 8 by 16-in. Gravel
3-oval-core
.\v.
9(F 1 8 by 8 by 16-in. Cinder
S 3-oval-core
Av.
10GF 1 8 by 8 by 1-in. Gravel
2 3-oval-core
Av.
11GF1 8by b b y Ih-iin.2 3-oval-core
Gravel
Large m1all
Walls VWalls
A 525
505
515
515
A 700
710
680
605
610
C 380
330
S355
C 780
780
640
550
595
675
590
6ia5
030
, 35
635
390
345
370
915
965
940
Units
Igth Strength Ratios
Large Walls to
Modulus
of
Mortar Rupture,
Ib. per
_____s_ . S mal! Unitssq . in. Walls
Large Small
1920 980 18
980 980
1280
0.87 0.53
800 880 38
800 880
750
1230 7
1730 1730
2200 1730
1150
109 0.57
096 0.53
1770 '1770
1860 1770 23
550 0 96 0.65
2100 1870
1870 1870 36
1570 0.83 0.50
12GF 1 5 by 8 by 12-in. Gravel A 590 670 1230 1230 46
2 2-rect.-core 580 740 1270 1270A
. 585 705 1360 i 0.83 0.43
13GF 1 3% by 8 by 12-in. Gravel A 565 700 1180 i 1140
2 2-rect.-core 690 855 1300 1140 28
Av. 630 775 1550 0.81 0.41
14GF 1 8 by 12 by 16-in. Gravel A 345 410 1130 1130
2 3-oval-core 390 390 1010 1130 18
Av. I 370 400 600 0.93 0.62
15HF 1 8 by 12 by 16-in. Haydite A 370 360 1070 1070 27
2 3-oval-core 355 375 840 1070
Av. 365 370 670 0.99 0.54
16HF 1 8 by 8 by 16-in. Haydite B 675 645 730 .... 30
2 3-oval-core and Brick 690 625 ((710) t1240 I .... (0.97)t
Av. 685 635 1990 1.08 0.69
1iHS 1 8 by 8 by 16-in. Haydite B 495 585 1260 1020
2 3-oval-core and Brick 595 690 f(520)t 1900 1020 38 ((1.05)t
Av. 545 640 720 0.85 0.76:
17CF I 8 by 8 by 16-in. Cinder B 850 790 1045 1050 i(0.77)t
2 3-oval-core and Brick 755 770 (1050)t 1305 1050 50 1.03 10.99A v
s. i8-5 780 t 810 ;
'Broken while being placed in testing machine.
tStrength of offset blocks used in alternate courses of composite walls.
;\Valls laid up, by error, with face-shell bedding.
face shells might average 2 in., the ratio of the bedded area to the
net area of the unit is very nearly 0.8. Hence it may be said that for
lhe 8 by 8 by 16-in. units the ratios of wall strengths are substantially
proportional to the bearing areas of the mortar beds, and that this
---
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TABLE 6
PRINCIPAL RESULTS OF MASONRY WALL TESTS; SERIES 1, ECCENTRIC LOADING AND
SERIES 2, AXIAL LOADING
See notes in heading of Table 5, which also apply here.
Cement-lime mortar mixes, by dry, rodded volumes: (A) 1:1:4j; (B) 1:1la:4l.
Full mortar beds in all walls except 21GS, which had face-shell bedding.
In Walls 21GS, units were 3 months old when walls were built; tested 32 days later.
Eccentric loads were applied at edge of middle third of wall thickness.
Unit stresses given for eccentrically loaded walls are average values.
Compressive Strength Strength Ratios,
Sbl. per sq. in. d i Large Walls to
Lot Modulus
and Type of Aggre- Mor- ! i of
Wall Unit gate tar Mortar Rupture
. Mix Large Small nits lb. per Smallalls alls its sq. in. Walls Unit
w Large Small
Series 1. Eccentric Loading
18HF 1
2
3
Av.
19CF 1
2
Av.
20GF 1
2
Av.
21GS 1
2
Av.
8 by 8 by 16-in.
3-oval-core
8 by 8 by 16-in.
3-oval-core
8 by 8 by 16-in.
3-oval-core
5 by 8 by 12-in.
2-rect.-core
Haydite
Cinder
Sand-
Gravel
Sand-
Gravel
A
A
A
A
375
410
410
400
365
345
355
430
420
425
545
490
515
440
510
475
990
900
960
1040
850
1010
1480
1160
1450
1580
1580
1190
1370
990
900
0.84 0.38
0.42
0.42
0 35
Series 2. Axial Loading, Tile Units
A l 8 by 8 by 16-in. Haydite A 400 ... 1220
2 3-oval-core 420 .. 1220 .. 40
Av. (45 per cent) 410 805 .. 0 51
B 1 8 by 8 by 16-in. Haydite A 355 8...  0
2 3-rect.-core 375 . 860 ... 40
Av. (55 per cent) 35 720 . . 0.51
C 1 8 by 8 by 16-in. Haydite B 755 ... 120 ..
Av. (45per cent) Brick 00 805 .. 0.87
D 1 8 by 8 by 16-in. IHaydite B 435 ... 1345 .. 31
2 3-rect.-ore and 865 ... 1..
Av. (55 per cent) Brick 65 720 .... 0.90
ratio may be taken at about 0.8. It seems reasonable that this factor
might be applied to estimate the strength of other walls, such as those
of lots 4 to 11, assuming that they were to be laid with face-shell
bedding.
16. Design of Units.-As noted in Section 3, the units used in the
test walls were made with five types of aggregates. However, a com-
parison of the effectiveness of units made with different aggregates is
-------
I
---- ~~-------~-- -
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difficult. Due to differences in strength of units, comparisons must
be made by considering the ratio of wall strength to unit strength.
Further difficulty is found in the fact that individual variations in
one lot were frequently as great as the variations between lots made
with different aggregates. Some aggregates would receive a high
rating in one group and a low one in another. An inconsistency is
seen between lots 2 and 6, made with Haydite aggregates, in which
the weaker units produced the stronger wall. The low strength of
the walls of lot 6 may be due to an unusual retention of moisture
content. The limestone and slag aggregates of lots 4 and 5 are not
sufficiently represented to give more than very general information,
while of the other three aggregates it must be said that there was no
marked difference in effectiveness. As shown by Fig. 5, it must be
concluded that the effectiveness of units made with all types of
aggregates was reasonably uniform.
The 8- and 12-in. walls of lots 2, 3, 14, and 15 were intended for
comparison, since they were made of blocks similar except in thick-
ness. Actually, the units of lots 2 and 3 were considerably stronger
than the others. Comparing the ratios of strength of wall to that of
unit (including both large and small walls) the following values are
found: for 8-in. walls, lot 2, Haydite, 0.56; lot 3, sand-gravel, 0.59;
for 12-in. walls, lot 15, Haydite, 0.54; lot 14, sand-gravel, 0.64. The
average value for the 8-in. walls is thus 0.58; that for 12-in. walls,
0.59. From these tests of walls with full bedding, there would seem
to be no difference in the efficiency of walls of the two thicknesses as
based upon the strength of the units.
Units of five types were used in the 8-in. walls, as indicated in
Fig. 1, but all five were not made with the same materials. Lots 8,
12, and 13 furnish a comparison between the ordinary 8 by 8 by 16-in.
three-oval-core unit, the 5 by 8 by 12-in. tile, and the 31 by 8 by
12-in. tile. The respective values of the ratio of large wall strength to
strength of unit are 0.57, 0.43, and 0.41; similar ratios between
strengths of wallettes and units are 0.52, 0.52, and 0.50. The averages
for both sizes of wall are 0.55, 0.47, and 0.46. An explanation of the
lower ratios for the tile walls may be that the middle web of a tile
unit is placed above the vertical joint between end webs of units in
the course below, or vice versa, and since these walls were laid with a
full mortar bed, the percentage of the total net area embedded was
undoubtedly somewhat lower than that obtained with the 3-oval-core
units. The values quoted indicate that the mortar bed was about
85 per cent effective for the tile units, which is somewhat greater than
the value of 0.80 for relative effectiveness of block with face-shell
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TABLE 7
MODULI OF ELASTICITY OF WALLS AND UNITS
Modulus of elsticity is based on initial tangent of strei rtrain curve. Streses and moduli refer to gro area of
units and walls. Deformations on walls were read on four 100-in. gage lines; on wallettes on two 40-in. gage lines; on
unite on 2 gage lines (2-in. or 6-in.) on 2 units; and on mortar cylinders on two 1-in. gage lines (Huggenberger gage).
Compresive Initial Modulus of
Strength Elasticity
lb. per sq. in. thousands of lb. per eq. in. Ratio of
Lot Kind of Moduli
No. Concrete - - - of Walls
Wall- Mortar to Units
Units Walls Units Walls ettes Cyl.
ICF Cinder 865 445 570 365 410 1275 0.64
1CS Cinder 865 350 570 355 345 1055
2HF Haydite 820 455 645 56 555 1275 0.87
2HS Haydite 820 370 645 455 465 1335
3GF Gravel 1070 610 1010 825 1070 965 0.82
3GS Gravel 1070 450 1010 700 650 1280
4LF Limestone 780 390 650 440 455 840 0.68
5SF Slag 1290 540 1110 865 915 1125 0.78
6HF Haydite 1280 440 1000 485 475 1455 0.49
7CF Cinder 970 515 730 475 510 1360 0.65
8GF Gravel 1230 695 1475 945 945 1210 0.64
9CF Cinder 1150 610 1080 545 555 1650 0.51
10GF Gravel 550 355 1100 570 610 1480 0.52
IIGF Gravel 1570 780 1450 1170 1400 1550 0.80
12GF Gravel 1360 585 1260 760 1170 1305 0.60
13GF Gravel 1550 630 1120 690 705 1020 0.62
14GF Gravel 600 370 930 605 610 1150 0.65
15HF Haydite 670 365 520 420 440 1150 0.81
16HF Haydite 710 685 760 920 870 1035
990
16HS Haydite 520 545 860 745 750 1200
720
17CF Cinder 1050 805 735 900 730 1405
810
18HF Haydite 1040 400 860 595 .... 1275 0.69
19CF Cinder 850 355 410 405 .... 1315 0.99
20GF Gravel 1010 425 810 750 .... 1200 0.92
21GS Gravel 1480 515 1560 760 .... 1205 0.48
A Haydite 805 410 595 490 .... 1270 0.82
B Haydite 720 365 525 390 .... 1030 0.74
C Haydite 805 700 595 1050 .... 1170
D Haydite 720 650 525 1175 ... 1535
bedding. Since the tile units are customarily laid with face-shell
bedding only, the lack of continuity of webs is probably of much less
importance than is indicated by the tests of lots 12 and 13.
Comparison of the other two types of tile or thin-shelled units
with the ordinary three-oval-core type may be made by reference to
lots A, B, and 2. The respective wall-unit strength ratios are 0.51,
0.51, and 0.56. The corresponding core areas for the three types are
45, 55, and 37 per cent of the gross areas. The effectiveness of the tile
units of lot B is noteworthy, considering the large core area and the
impossibility of complete bearing of webs when full mortar beds were
used. The three strength ratios found are so close to the average
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value of 0.53 shown in Fig. 6 that no great advantage as to strength
can be claimed for any one design of unit.
17. Deformations of Axially-loaded Walls.-Stress-strain curves
for all plain axially-loaded walls are given in Fig. 6. Each curve
represents the average of 4 strain measurements on 100-in. gage lines.
In general, the lower portion of these curves appears to be a straight
line; the slope of this straight portion is the tangent modulus of
elasticity of the wall as a whole. Values of these moduli, together
with similar ones for units and for mortar cylinders, are given in
Table 7. It is seen that the'overall moduli for the walls vary in gen-
eral from 300 000 to 1 170 000 lb. per sq. in. of gross area for the
different walls, with a general tendency for the higher values to
correspond to the higher wall strengths. The stress-strain curves
do not extend quite to the maximum load, since the instruments were
removed to avoid breakage. The unit deformations observed reach
values of 0.001 in. per in., or a total shortening in a 10-ft. wall of
1• in. in some cases.
The deformations of walls at working stresses are frequently dis-
cussed, and the data of Table 7 make it easy to quote some definite
values, since the stress-strain curve is a straight line at this stage of
loading. Assuming a 10-ft. height of wall under a working stress of
80 lb. per sq. in., a wall with a modulus of elasticity of 300 000 lb. per sq.
80 X 120in. will shorten a total amount of , or about 1/ in., and a wall
300 000
with a modulus of 1 200 000 lb. per sq. in. will shorten only one-fourth
as much. Even the amount of 1/2 in. is less than the elastic shorten-
ing of a column of structural steel or reinforced concrete under the
current working stresses. It may also be less than the shortening of
the wall due to shrinkage, although it has been quite clearly demon-
strated that the shrinkage can be kept well below this amount if the
units are properly air-dried before they are laid in the wall.* On the
whole, it may be concluded that the deformations of concrete masonry
bearing walls due to working stresses, and including a moderate
amount of shrinkage, will compare very favorably with the deforma-
tions of columns and reinforced concrete walls.
18. Deformations of Units and of Mortar Joints.-To secure in-
formation on the effect of the deformations of units and of mortar
joints upon the total wall deformation, vertical strain measurements
were taken on 2-in. gage lines across mortar joints and on 6- or 2-in.
*W. D. M. Allan, "Shrinkage Measurements of Concrete Masonry," Jour. Am. Cone. Inst., April,
1930.
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FIG. 7. TYPICAL STRESS-STRAIN CURVES FOR UNITS, MORTARS, AND WALL SECTIONS
gage lines on units during the wall tests. Indirect information was
also obtained from strain measurements in tests of individual units
and of 2 by 4-in. mortar cylinders, made and stored with the walls.
The moduli of elasticity from the cylinders must, of course, be reduced
in the ratio of bedded to gross area of unit to be comparable with the
observed modulus of elasticity of the mortar joints in the walls.
Figure 7 shows typical stress-strain curves, from the four sources
noted, for six typical walls in which some range in strength of unit and
quality of mortar is represented. The curves for 2- and 6-in. gage
lines on walls represent readings on 4 gage lines each; those for tests of
individual units, two readings on 6-in. gage lines on each of 2 units,
and those for the mortar cylinders, two readings with 1-in. Huggen-
berger gages on one cylinder. In all cases the unit deformations
measured on 2-in. lines across mortar joints were much greater at a
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given load than the readings on 6-in. lines lying within the unit.
The smaller deformations are generally those on the individual mortar
cylinders. The deformations of concrete units in the wall do not
differ greatly from the deformations of individual units tested alone,
for a given unit stress on the gross area.
While the irregularity of the curves for the gage lines across mortar
joints may be ascribed partly to instrumental errors attendant upon
the short gage length used, it is hard to explain why the deformation
across the joint is so large with mortar of the stiffness indicated by the
cylinder tests. It is probable that the mortar in a joint is less well
compacted than that in a test cylinder. There is chance for high
concentrations of stress due to the variations in thickness of the mor-
tar joint, and this may have led to a progressive failure of the joint.
It is likely, too, that the portions of the unit near the joint are less
stiff than the remainder. Finally, there is some uncertainty as to the
exact gage length produced by the insertion of steel plugs in the sur-
face of the unit. At any rate, the large deformations of mortar joints
are in accord with the fact that failure of walls usually started at the
joints, with crumbling of the mortar surface and splitting off of adja-
cent edges of units. The deformations also explain why the modulus
of elasticity of walls was generally considerably less than that of
individual units. Considering that, for the cases shown in Fig. 7, the
average unit deformation of 2-in. gage lines across mortar joints was
roughly two to four times that measured on 6-in. gage lines on the
units, it appears that for walls built of 8-in. units the average deforma-
tion (weighted in proportion to gage lengths) should be 25 to 75 per
cent greater than that of the unit, or, conversely, the moduli of elas-
ticity of walls should be 57 to 80 per cent of the value for individual
units. The data of Table 7 indicate approximately this range of
variation, the average ratio of moduli of walls to those of units being
about two-thirds. The increase in wall stiffness to be secured by
reducing the thickness of mortar joints is apparent.
19. Deformations of Tile Walls of Series 2.-It has been pointed
out that the effectiveness of the tile units of lots A and B in producing
wall strength was practically equal to the average value for three-
oval-core units, as given by Fig. 5. It seems likely, however, that the
deformations of walls made with these units might be greater than
those for walls made with the heavier units. Values of the moduli of
elasticity of walls of lots 2HF, A and B, all made with Haydite aggre-
gates, are 547 000, 488 000, and 382 000 lb. per sq. in., as given in
Table 7. These values are based on the gross areas of the walls, and,
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considering the fact that the net sections of these walls are roughly
63, 55, and 45 per cent of the gross areas, it is found that these
moduli are practically proportional to the net wall sections. This
simply indicates that, for units of like material, the deformations will
vary inversely as the net cross-section. While this would imply that
the deformations of walls made with thin-shelled units may be some-
what larger than for the thicker units, the moduli noted are not un-
duly low or in any way unsatisfactory. Generally, the strength
requirements of the material in tile units may be expected to maintain
a satisfactory modulus of elasticity as well.
20. Behavior of Composite Walls.-The composite walls include
lots 16, C and D, made with three types of Haydite units, and
17, made with cinder units. A very strong shale face brick was used
in all of these walls. All were laid with full mortar beds except lot
16HS, in which the walls were laid up, by mistake, with practically a
face-shell mortar bedding. Another set of walls was built of similar
units, lot 16HF, with full mortar beds, to meet the original plan.
All walls were about 124 in. thick.
In the tests, particular attention was paid to the effectiveness of
action of the two types of material ini the same wall, as indicated by
the deformations and the manner of failure. Differing from the plain
walls, in which there was very little cracking or other signs of distress
until very near the ultimate load, failure of the composite walls was
characterized by an initial yielding and apparent readjustment of
load, accompanied by some cracking and splitting of units, well below
the maximum load. One of the walls made with Haydite units, after
developing vertical cracks through the back-up units and a decrease
in load after reaching 462 000 lb., continued to carry load and finally
failed at a maximum of 532 000 lb. In several of these composite
walls there was a noticeable lateral deflection at failure, and the wall
finally split either along a plane crossing the webs of concrete units or
along the junction of brick and concrete sections.
Figure 8 shows stress-strain curves for the 100-in. gage lines on the
two faces of each composite wall. The curves do not show ultimate
loads, but for the highest loads shown the average deformations do
not differ greatly from those noted in Fig. 6 for plain walls. However,
in several walls the deformations of the concrete faces exceeded those
for the brick faces quite markedly. On the 100-in. lengths the excess
of the shortening of the concrete face over that of the brick face
(at the highest loads shown) was as follows: Lot 16HF, 0.02 in.;
lot 16HS, 0.02 in.; lot 17, 0.05 in.; lot C, 0.02 in.; lot D, 0.03 in.
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FIG. S. STRESS-STRAIN CURVES FOR BOTH SIDES OF COMPOSITE WALLS
Only two or three of the walls show an extreme spread between the
curves for concrete and brick deformations. Walls 17CF2 and Dl
show a very marked difference in deformation on the two sides.
There is apparently an explanation for the difference in action of
walls Dl and D2. These walls were tested several weeks after the
main series. After the test of wall D2, a slight eccentricity of the
loading beam was noted. This eccentricity was toward the brick face
and evidently tended to equalize the deformations on the two sides.
Since wall D1 had been tested with its brick face in the opposite
direction, any eccentricity that may have existed would have in-
creased the concrete deformations and decreased the brick deforma-
tions. This is borne out both by the curves of Fig. 8 and by the
ultimate loads carried by these two walls. Fortunately, the average
of the two loads should largely compensate the effect of the eccen-
tricity of load.
In spite of the differences in stiffness of the two sides of some of
these walls, the ratio of wall strength to the strength of the concrete
units was much greater than for the plain walls, even when the weaker
units (see differences in strength between the offset and regular units
as listed in Table 5) are considered. Evidently any non-uniformity
of resistance of a wall was more than offset by the resistance of the
solid brick masonry. The current code provisions permitting working
compressive stresses on the total thickness of such walls as great as
would be permitted on the concrete masonry backing are thus seen to
be amply justified in so far as strength is concerned.
c~s
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FIG. 9. STRESS-STRAIN CURVES FOR BOTH SIDES OF ECCENTRICALLY-LOADED WALLS
21. Walls Under Eccentric Loading.-Comparisons may be made
between the eccentrically-loaded walls of lots 18, 19, 20 and 21, and
the axially-loaded walls of lots 1, 2, 3, and 12. Where there was a
difference in the type of mortar bed between lots 21 and 12, this
should produce only a slight effect with the rectangular-core tile units
used. The load was applied to the walls with an eccentricity of one-
sixth of the wall thickness, which in a solid, homogeneous wall of
rectangular cross-section should produce stresses varying from zero at
one face to a maximum (twice the average) at the other, and if the
material failed at a limiting maximum stress should result in an ulti-
mate load one-half that for axial loading. In these walls, however,
two factors modify this theory: (1) the compressive strength of con-
crete is greater in flexure than in axial loading, and (2) the hollow
wall has a greater radius of gyration than a solid rectangle of the same
width and thus can better resist eccentric loading.
Figure 9 shows stress-strain curves for the 100-in. gage lines on
the two sides of the eccentrically-loaded walls. The spread in the
deformations is fairly consistent for all walls, though in no case is the
smaller strain equal to zero, as already discussed. The ratios of
average deformation to maximum deformation, based on the lower
portions of these curves, average 0.72, 0.74, 0.64, and 0.88 for the four
lots, listed in numerical order. These ratios are indicative of the
relative strengths of walls under eccentric and axial loads, but only
in an indirect way.
A fairly direct indication of the effect of eccentricity may be ob-
tained from Table 6, in which average ultimate stresses are given.
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The ratios of strength of wall to that of unit average 0.38, 0.42, 0.42,
and 0.35 for the four eccentrically-loaded walls, and 0.51, 0.56, 0.57,
and 0.43 for the corresponding axially-loaded walls. The four eccen-
trically-loaded walls are thus, respectively, 74, 75, 74, and 81 per cent
as strong as similar walls axially loaded. These values compare fairly
well with the deformation ratios quoted in the preceding paragraph.
The consistency of these values is convincing evidence of the reduc-
tion in wall strength produced by a fairly small eccentricity.
22. Flexural Strength of Walls.-Values of the modulus of rupture
of a wall of each lot, based upon the assumption of a solid, rectangular
cross-section, are given in Tables 5 and 6. Failure was in all cases
along a mortar joint near midheight of wall and was a failure in
adhesion of mortar to unit on the tension side of the wall. The
smooth lower edge of units molded on metal pallets apparently devel-
oped poor adhesion to the mortar. Walls with face-shell bedding gave
about as good results as those with full bedding. The values of the
modulus of rupture vary from 18 to 50 lb. per sq. in. There is no
apparent relation between the low values and the strength of the
mortar used. The composite walls that were tested with brick faces
in tension gave values of 38 and 50 lb. per sq. in. Neither brick nor
masonry units were wet down before being laid in the wall. It seems
likely that better flexural strengths could be secured by a little effort
in producing units with a rougher texture of bearing surfaces, and
possibly by wetting the bearing surfaces of units as the walls were
being laid.
IV. GENERAL DISCUSSION
23. Structural Requirements for Bearing Walls.-Aside from ques-
tions of resistance to fire and weather, the two principal structural
requirements of a bearing wall are resistance to vertical and lateral
loads. The vertical loads carried by such walls are generally specified
as uniformly-distributed axial loads, though it is well to consider
that concentrated and eccentric loads are very commonly encoun-
tered in building construction. A decided eccentricity of loading may
be produced by the deflection of the superimposed beam or slab,
which concentrates the bearing pressure on the inner edge of the
supporting wall.
The principal lateral forces on a wall are due to wind, or occasion-
ally to an unbalanced roof thrust. Stability against wind pressure
becomes important in the upper stories of a building. In the lower
stories, flexural tension in the wall across a horizontal mortar joint is
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usually neutralized by the vertical compressive forces present. Flex-
ural failure is thus prevented and the lateral stability of the wall is
greatly increased.
The foregoing paragraphs indicate that wall thickness is deter-
mined largely by consideration of applied vertical and lateral loads.
Other important factors include the effect of openings, the effect of
slenderness of wall, and considerations of fire exposure. There is
usually a concentration of load at beam supports and around window
and other openings, and the wall thickness should be such as to
satisfy working stress requirements. Limits of slenderness frequently
placed on walls to provide the necessary margin of lateral strength are
also useful in preventing undue slenderness of the wall acting as a
vertical column. Wall thickness is naturally of prime importance in
determining the fire resistance of walls, although other factors, such as
materials and design of unit, are also significant.
24. Building Code Requirements.-A study of twenty or more
building codes of various cities throughout the United States gives
data on current requirements for hollow concrete masonry construc-
tion. The average required compressive strength of units, based on
gross area, varies generally from 700 to 1000 lb. per sq. in. In a few
cases, strengths of 1000 to 1500 lb. per sq. in., on net area, are re-
quired, but for the units in common use these values are closely
equivalent to those quoted as based on gross areas. Of the values of
maximum absorption specified, the most common one is 10 per cent,
by weight; with provision in the more recent codes for a higher per-
centage of absorption (by weight) on units of light weight concrete.
The allowable working stress on the gross area of concrete masonry
walls varies in general from 70 to 80 lb. per sq. in., where 700-lb. units
are used, to as much as 125 lb. per sq. in., where 1000-lb. units are
used. The specified maximum height of bearing walls is generally
fixed so as to permit 3- or 4-story construction. The Recommended
Minimum Requirements of the Hoover Building Code Committee*
are quite representative of the most recent building codes, and may
serve as an example of a well-considered code, free from the effects of
local peculiarities or prejudices. They specify an average strength of
unit of 700 lb. per sq. in., or more, on the gross area, and permit a
maximum compressive stress due to combined live and dead loads on
walls of 80 lb. per sq. in. when 1:3 portland cement mortar is used,
and of 70 lb. per sq. in. when 1:1:4 cement-lime mortar is used. The
**"Recommended Minimum Requirements for Masonry Wall Construction." Report of Building
Code Committee, U. S. Dept. of Commerce, 1925.
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TABLE 8
FACTORS OF SAFETY OF WALLS IN COMPRESSION
Allowable stresses, 80 lb. per sq. in. of gross area on walls of Lots 9, 10, and 11, and 70 lb. per sq. in. on all others.
Notation: First reference letter, C = Cinder, H = Haydite, G = Gravel, L = Limestone, S = Slag; second
reference letter, F = Full mortar bed, S = Face-Shell bed.
Lot
No.
1CF
1CS
2HF
295H
3G0
3GS
4LF
5SF
6HP
Factor of
Safety
6.3
5.0
6.5
5.3
8.7
6.4
5.6
7.7
6.3
Lot
No.
7CF
8GF
9CF
10GF
IIGF
12GF
13GF
14GF
15HF
Factor of
Safety
7.3
9.9
7.6
4.4
9.7
8.3
9.0
5.3
5.2
Lot
No.
16HF
16HS
17CF'
A
B
C
D
Factor of
Safety
9.8
7.8
11.5
5.9
5.2
10.0
9.3
maximum wall height permitted is 50 feet. The maximum distance
between supports, vertically or laterally, is 16 times the wall thickness
for top stories, and 18 times the thickness for other stories. The
allowable absorption is limited to 10 per cent, by weight, under a
24-hr. immersion test, with certain exceptions. Where walls are to be
coated with stucco, the absorption requirement is waived. A rule is
given for light weight units, which, in effect, fixes the absorption limit
at a constant percentage, by volume.
25. Factor of Safety of Test Walls.-By comparing the strengths of
the walls' tested with the permissible strengths under the Hoover
Code, or a similar building regulation, the factor of safety of the test
walls is obtained. Under the Hoover Code, the walls of lots 9, 10,
and 11 made with 1:3 portland cement mortar would be given allow-
able compressive stresses of 80 lb. per sq. in., uniformly distributed,
while the remaining walls, laid up with 1:1:41A cement-lime mortar,
would not quite meet the requirements for an allowable stress of 70 lb.
per sq. in. The composite walls would be given an allowable stress,
over the total thickness equal to that permitted on the concrete por-
tion. Table 8 gives the values of factors of safety of the test walls in
compression, based upon the foregoing values of 70 and 80 lb. per
sq. in. It should be kept in mind that most of the mortar mixes are
slightly leaner than specified by the code and that units of lots 10, 14,
15, and 16HS did not meet the code requirement of 700 lb. per sq. in.
in compressive strength. On the other hand, many of the units were
much stronger than the specified minimum value. The factors of
safety of Table 8 vary from 4.4 to 11.5. Eliminating the lots made
with units having a strength less than 700 lb. per sq. in., the lowest
factor of safety is 5.0 for face-shell mortar beds, and 5.2 for full
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mortar beds. This factor of 5.0 would seem to be a conservative
value, and one that will compare favorably with corresponding values'
for other forms of masonry.
In choosing the factor of safety for any type of masonry wall the
effect of eccentricity, such as that described in Section 21, must be
considered. A little calculation reveals that the slope of the top of
the eccentrically-loaded walls of Fig. 9 at working loads is consid-
erably less than the possible slope of the slab or beams that such a
wall might support. The probable eccentricity of floor loads on mas-
onry bearing walls, therefore, may be considerably greater than one-
sixth of the wall thickness, the value which was used in these tests.
This possible eccentricity is to a certain degree indeterminate. The
factors of safety found for axially-loaded walls are large enough to
provide for a small amount of eccentricity, such as was used in the
tests of walls 18 to 21. When large eccentricities are present, an anal-
ysis of the effect should be made. Excessive bending stresses may be
avoided by thickening the wall or by a special design of the wall
bearing to minimize the eccentricity.
There are generally no code requirements as to flexural strength of
walls, this feature being governed by a specified limitation on the
ratio of thickness to span of wall between supporting floors or col-
umns. The resistance of a wall to wind pressures is obviously fur-
nished by its flexural strength. The resistance of a wall to flexure is
enormously increased by the presence of vertical axial compressive
stresses, which counteract the flexural tension, and may prevent the
opening of the tension cracks which produce failure.
The flexural strengths of a few of the walls of Table 5 are undesir-
ably low, and would probably lead to a rather small computed factor
of safety, depending upon the assumed conditions of continuity and
of wind and direct load. It seems very likely, in view of the good
showing made by many of the walls, including those made with tile
units, that the adhesion between mortar and units, which governs the
flexural strength, might be improved considerably. A further study
of this feature should be profitable.
V. CONCLUSIONS
26. Conclusions.-The following conclusions have been drawn
from the results of the masonry wall tests:
(1) The compressive strengths of the large wall panels, varying
from 335 to 850 lb. per sq. in., were dependent mainly on the strength
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of the concrete building units and were little affected by variations in
'the quality of the mortar used.
(2) The ratio of the compressive strength of large walls to that of
the three-core units used was found to be quite well defined, with an
average value of 0.53, when full mortar beds were used.
(3) The ratio of the compressive strength of large walls to that of
corresponding wallettes was fairly constant, with an average value
of 0.91. The use of wallettes as representative of wall construction
would thus seem justified.
(4) The compressive strength of 8-in. walls made with 3-oval-core
units with face-shell mortar bedding was about 80 per cent of that
obtained from similar walls with full mortar bedding. The flexural
strength was approximately the same for the two cases.
(5) Little definite effect could be found due to variations in type
of aggregate, type of mortar, or thickness of walls. Some differences
due to design of unit could be explained by the arrangement of cross
webs.
(6) Using units of the same strength (on gross area), practically
equal wall strengths were obtained with the thin-shelled tile units of
Series 2 and the ordinary three-oval-core block of Series 1.
(7) A range in the initial modulus of elasticity of walls from 300-
000 to 1 170 000 lb. per sq. in. of gross area was found. The deforma-
tions of walls at working stresses are apparently less than for com-
pression members of structural steel or reinforced concrete.
(8) Composite walls of face brick and concrete building units
developed high strengths and showed satisfactory interaction of the
two materials, though there were large differences in deformations of
the two faces of the wall in some cases.
(9) The flexural strength of the walls was evidently a function of
the adhesion of the mortar to the bearing surface of the unit, since all
transverse failures occurred at the junction of the two materials.
Values of modulus of rupture for the walls vary from 18 to 50 lb. per
sq. in.
(10) The walls in which the eccentric compressive load was ap-
plied at the edge of the middle third of the wall thickness deformed
very consistently and developed strengths averaging 76 per cent as
great as were obtained with axial loading.
(11) The factor of safety of walls in axial compression, based upon
working stresses of 70 and 80 lb. per sq. in. for units with an average
strength of 700 lb. per sq. in., or more, varied from 5.0 to 11.5. The
larger values accompanied the use of very strong units or composite
wall construction.
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